Information on health parameters, such as antibody prevalences and serum chemistry that can reveal exposure to pathogens, disease, and abnormal physiologic conditions, is scarce for Antarctic seal species. Serum samples from Antarctic fur seals (Arctocephalus gazella, n588) from Bouvetøya (2000-2001 and 2001-2002), and from Weddell seals (Leptonychotes weddellii, n520), Ross seals (Ommatophoca rossii, n520), and crabeater seals (Lobodon carcinophagus, n59) from the pack-ice off Queen Maud Land, Antarctica (2001) were analyzed for enzyme activity, and concentrations of protein, metabolites, minerals, and cortisol. Adult Antarctic fur seal males had elevated levels of total protein (range 64-99g/l) compared to adult females and pups (range 52-79 g/l). Antarctic fur seals had higher enzyme activities of creatine kinase, lactate dehydrogenase, and amylase, compared to Weddell, Ross, and crabeater seals. Antibodies against Brucella spp. were detected in Weddell seals (37%), Ross seals (5%), and crabeater seals (11%), but not in Antarctic fur seals. Antibodies against phocine herpesvirus 1 were detected in all species examined (Antarctic fur seals, 58%; Weddell seals, 100%; Ross seals, 15%; and crabeater seals, 44%). No antibodies against Trichinella spp., Toxoplasma, or phocine distemper virus (PDV) were detected (Antarctic fur seals were not tested for PDV antibodies). Antarctic seals are challenged by reduced sea ice and increasing temperatures due to climate change, and increased anthropogenic activity can introduce new pathogens to these vulnerable ecosystems and represent a threat for these animals. Our data provide a baseline for future monitoring of health parameters of these Antarctic seal species, for tracking the impact of environmental, climatic, and anthropogenic changes in Antarctica over time.
INTRODUCTION
Antarctica is the most windswept, coldest, and driest continent on earth, with 99% of its land permanently covered by an icecap with a mean thickness of 2,500 m and pack ice extending up to 1,000 km from the coast. The surrounding waters host large seal populations, including crabeater (Lobodon carcinophagus), Antarctic fur (Arctocephalus gazella), Weddell (Leptonychotes weddellii), Ross (Ommatophoca rossi), leopard (Hydrurga leptonyx), and southern elephant (Mirounga leonina) seals. Antarctic waters are exposed to higher levels of anthropogenic activity than ever before, representing a crucial contact point between Antarctic wildlife and the rest of the world. Pathogens (parasites, bacteria, and viruses) carried by humans are emitted with sewage from ships and research stations, deposited in waste (animal products), and potentially introduced along with dogs and other alien animals species (Headland, 2012) , exposing immunologically naïve animals and vulnerable ecosystems.
A few studies have addressed the presence of potential human pathogens in Antarctic seal species. Two Campylobacter species (C. insulaenigrae and C. lari) were isolated from fecal swabs obtained from Antarctic fur seals (García-Peñ a et al., 2010) . Salmonella enteritidis was isolated from four of 71 (5.6%) Weddell seals (Vigo et al., 2011) , and enteropathogenic Escherichia coli (EPEC) was isolated from two of 33 Antarctic fur seal pups (Hernandez et al., 2007) . Information on specific seal pathogens in Antarctic seal species also is scarce. Sealpox virus, a zoonotic parapoxvirus, was isolated from a skin lesion on the neck of a Weddell seal (Tryland et al., 2005) . Brucella pinnipedialis, recently described as a new species of Brucella, has been isolated from a wide range of seal species, including all three pinniped families (Otariidae, Phocidae, and Odobenidae; Nymo et al., 2011) , but the pathology and impact of such infections on seal health is unknown. Marine mammal brucellae have zoonotic potential; bacteria were isolated from three human cases involving spinal osteomyelitis and intracerebral granuloma (Sohn et al., 2003; McDonald et al., 2006) . Of the species investigated in our study, anti-Brucella antibodies have been detected in Antarctic fur seals (Retamal et al., 2000; Blank et al., 2001; Abalos et al., 2009) and Weddell seals (Blank et al., 2002; McFarlane, 2009; Retamal et al., 2000) . However, attempts to isolate the bacterium (Abalos et al., 2009; McFarlane, 2009) or to amplify Brucella-specific DNA by PCR (Lynch et al., 2011) have failed.
Herpesvirus infection can result in significant morbidity and mortality in wild and captive seals. Herpesvirus infection in seals was first discovered in captive harbor seals (Phoca vitulina) in The Netherlands (Osterhaus et al., 1985) , and phocine herpesvirus 1 (PhHV-1; alphaherpesvirus) and phocine herpesvirus 2 (PhHV-2; gammaherpesvirus) have been detected in many seal species and populations (Maness et al., 2011) . However, information on the occurrence of herpesvirus in Antarctic seals is scarce. Studies performed on Weddell seals (n525) and crabeater seals (n53), revealed antibodies against PhHV-1 in all tested individuals (Harder et al., 1991) . Stenvers et al. (1992) also reported a high prevalence of antibodies against PhHV-1 in Weddell seals (72%, n518).
Phocine distemper virus (PDV) infection probably is the most important infectious disease threat to seals worldwide, but PDV epizootics never have been confirmed in Antarctic seals. Antibodies against canine distemper virus (CDV), a related morbillivirus that cross-reacts serologically with PDV, have been detected in Antarctic seals (Bengtson et al., 1991) , although surveys for CDV antibodies in Weddell seals and crabeater seals were negative (Harder et al., 1991; Stenvers et al., 1992; Yochem et al., 2009) .
Toxoplasmosis, caused by the obligate intracellular parasite Toxoplasma gondii, can produce a wide range of clinical symptoms in infected animals, including marine mammals and humans. Antibodies against T. gondii have been detected in gray (Halichoerus grypus), harbour, and hooded seals (Cystophora cristata) from Canada and bearded seals (Erignathus barbatus) from Svalbard (Jensen et al., 2009 ), but no reports indicate T. gondii infection in Antarctic seal species. Similarly, Trichinella spp. infections have been detected regularly in Arctic walruses (Odobenus rosmarus) and infrequently in bearded, ringed (Pusa hispida), and harp seals (Pagophilus groenlandicus; Tryland, 2000) , but have not been reported in Antarctic seals.
Diseases and abnormal physiologic conditions can alter the concentrations of enzymes, metabolites, minerals, and hormones in the blood of animals, but to interpret such information, basic knowledge of species-specific serum levels of these parameters is needed. Serum biochemistry data have been reported for many pinniped species, but for Antarctic seals, limited information is available only from Weddell seals (Yochem et al., 2009) . We conducted serologic screening to evaluate previous exposure to selected seal pathogens and establish baseline reference values for proteins, enzymes, minerals, metabolites, and cortisol for Antarctic fur seals, Weddell seals, Ross seals, and crabeater seals.
MATERIALS AND METHODS

Animals
Blood samples were collected from Antarctic fur seals on Bouvetøya (54u419S, 03u299E) during December 2000 to January 2001 (n552) and January 2002 (n536; Fig. 1 ). Adult males (n510) were chemically immobilized with 1 mg/kg; ZoletilH tiletamine-zolazepam (Reading, L'Hay-Les-Roses, France) injected intramuscularly (im) with a monoject 12-ml aluminum Zoolu Pole Syringe (''jab-stick''; Animal Care Equipment and Services, Melbourne, Australia). Adult females (n546) were captured using a slip neck-noose attached to a stick, and transferred to a restraining board. Pups (n531) were captured and sampled when they were a few weeks old, and age was evaluated by size, behavior, and status of the umbilical cord. Blood was collected with a 10-ml syringe (40-mm 19-gauge hypodermic needle) from the caudal-gluteal vein (adult males) or from the jugular vein (adult females and pups). Serum was separated by centrifugation within 3 hr following sampling and kept frozen at 220 C until analysis. All fur seals included in this study appeared to be in generally good health, although the adult males had bite wounds, scars, or fresh or infected wounds on the front flippers, head, neck, or thorax. Adult males (n511) had a mean body mass of 131 kg618 (SD) (Fig. 1) . These latter species were immobilized by 1 mg/kg im injection of Zoletil administered by use of a dart gun (Dan-InjectH, Børkop, Denmark). Blood was collected in syringes with a polyethylene catheter (16G VenflonH, Viggo AB, Helsingborg, Sweden) inserted into the extradural intervertebral vein. Serum was prepared and frozen at 220 C until analyses. All animals appeared to be in good health. Animals were captured under permit from the Norwegian Polar Institute. Sampling was carried out under permits from the Norwegian Animal Research Authority.
Serum chemistry analysis
One sample from a Weddell seal was excluded from analysis because of hemolysis, assessed by visual inspection and by indices (strong hemolysis; grade 3) produced by the ADVIA 1650 System (Bayer Corporation, Tarrytown, New York, USA). Lipemia was graded on a scale from 0 to 4+. Lipemic samples (1+, n536; 2+, n58) were diluted before analysis to avoid erroneous measurements. Serum samples were analyzed for selected serum chemistry parameters (enzymes, protein, metabolites, minerals, and cortisol; Table 1 ). Sera from Antarctic fur seals also were analyzed for a full protein profile by electrophoresis (albumin and alpha-, beta-, and gamma-globulin).
Serologic analysis
Antibodies against T. gondii were detected using the Toxo-Screen direct agglutination (DA) kit (bioMerieux SA, Marcy-l'Etoile, An enzyme-linked immunosorbent assay (ELISA) based on the Trichinella spiralis excretory-secretory antigen (Gamble et al., 1983 ) was used to detect antibodies against Trichinella. Sera were tested at 1:100 dilution in duplicate wells (Å sbakk et al., 2010) with the exception that horseradish peroxidaseconjugated rabbit anti-dog IgG (A6792, Sigma-Aldrich Co., St. Louis, Missouri, USA) was used as secondary antibody. Pinnipeds, dogs (Canis familiaris) and foxes (Vulpes spp.) are phylogenetically closely related (Arnason et al., 2006) , and anti-dog IgG previously has been used for detection of antibodies in gray seals (Kapel et al., 2003) . A positive control serum obtained from a red fox (Vulpes vulpes) harboring 44 Trichinella muscle larvae per gram of diaphragm tissue (Kapel and Gamble, 2000) and a negative control serum obtained from a red fox with no larvae in the diaphragm, were run on each plate. Mean optical density reading (OD 492 ) was 1.2 for the positive control and 0.06 for the negative control. Results were expressed as a percentage relative to the positive (100%) and negative (0%) controls (Guan et al., 2005) .
Serum samples were tested for antibodies against Brucella spp. using a Rose Bengal test (RBT) and an indirect ELISA (iELISA), with lipopolysaccharide from Brucella abortus (2 mg/ ml, 100 ml per well) as antigen (Nielsen et al., 2005) . To validate the cut-off of the iELISA, results from 125 hooded seal serum samples, both positive and negative, as classified with the traditional reference serologic methods for brucellosis (RBT, EDTA-modified slow (Alton et al., 1988) . Due to the lack of isolation of Brucella spp. from Antarctic seals we chose to use a stringent cut-off, which was set to 80% positivity, which was the lowest score in the iELISA for which all the reference serologic methods also classified the sample as positive. Sera from Weddell, Ross, and crabeater seals were tested for antibodies specific to PDV in a virus neutralization test, using Vero cells and PDV (PDV-1I881Nl), CDV (Brussels strain), and dolphin morbillivirus (DMV-16a), as described previously (Philippa et al., 2004) . Results were confirmed by retesting sera using a plaque neutralization test for PDV (Northern Ireland 1988 strain) and CDV (Lederle vaccine strain) with a Vero cell line with increased susceptibility to morbillivirus attachment and replication (Seki et al., 2003; Nielsen et al., 2008 ; see supplementary materials and methods posted with electronic version of this manuscript).
Sera were tested for PhHV-1 in an iELISA, using PhHV-1 as antigen (see supplementary materials and methods for details on antigen preparation and validation). Wells of a 96-well plate were coated at 4 C overnight, and subsequently blocked by 100 ml 13 phosphate buffered saline with 1% bovine serum albumin. Seal serum (200 ml) diluted in blocking solution in log(2) steps (1:100-1:12,800) was added to the wells. Peroxidase-conjugated protein A (USBiological, Swampscott, Massachusetts, USA) diluted 1:20,000 in blocking solution was used, and 24 mg/ml TMB (3,39,5,59 tetramethylbenzidine, Sigma-Aldrich, Munich, Germany) in a 1:1 (v/v) dimethyl sulfoxide (DMSO)/ethanol solution was diluted 1:25 in citrate buffer (0.2 M citrate, pH 3.95) with 62.5% H 2 O 2 (30% solution) and added to the wells (100 ml) as substrate. The reaction was stopped after 15 min by the addition of 50 ml 2 N H 2 SO 4 . Absorbance was measured at 450 nm wavelength in an ELISA reader (Berthold Technologies, Bad Wildbad, Germany). The ELISA assay was evaluated based on a serum neutralization test (SNT) on serum samples from a harbor seal population (see supplementary materials and methods) and SNTpositive and -negative samples were run as ELISA controls. Cut-off values were determined as geometric means plus two standard deviations of three negative control samples. Due to toxic effects on cell culture, Antarctic fur seal sera could only be tested in the iELISA. The SNT was performed on 49 samples (Weddell, Ross, and crabeater seals) in 96-well cell culture plates. Sera (25 ml) were inactivated at 56 C for 30 min and incubated with 25 ml virus suspension (2310 3 plaqueforming units/ml) at 37 C for 1 hr. Crandell Rees feline kidney cells in Eagle's minimum essential medium with 5% fetal bovine serum were added (1310 4 cells/well) to the wells, fixed with 3% formalin and stained with 0.05% crystal violet 48 hr later.
Statistics
Descriptive statistical analyses were performed with STATA/SE 8.0 (StataCorp LP, College Station, Texas, USA). Kruskal-Wallis one-way analysis of variance (Petrie and Watson, 1999) was used to explore differences in serum chemistry parameters between adult females, adult males, and pups (Antarctic fur seals). Statistical significance refers to the 5% level. Because data for several serum chemistry parameters were not normally distributed, results are reported as median, range, and 5% and 95% percentile values (Farver, 1997) .
RESULTS
The number of analyzed individuals for each serum chemistry parameter, as well as medium, range and 5-95% percentiles are presented for Antarctic fur seals (females, males, and pups; Table 2 ) and Weddell, Ross, and crabeater seals (Table 3) . Adult male Antarctic fur seals had markedly lower enzyme activity of aspartate aminotransferase (AST; range 11-40 U/l) compared to adult females (range 13-290 U/l) and pups of the year (range 11-289 U/l) (P,0.0001). Adult males also had elevated levels of total protein (range 78-99 g/l) compared to adult females and pups (range 52-79 g/l; Table 2 ; P,0.01). Antarctic fur seals had elevated enzyme activity of creatine kinase (CK; P,0.01), lactate dehydrogenase (LDH: P,0.02), and amylase (P,0.01), compared to Weddell, Ross and crabeater seals. Adult Antarctic fur seals had higher serum glucose levels (females median 9.7 mmol/l, males median 7.6 mmol/l) compared to Weddell, Ross, and crabeater seals (median 4.7 mmol/l, 4.1 mmol/l and 2.9 mmol/l, respectively; P,0.01). Three Weddell seals, two crabeater seals, and 20 Ross seals had cortisol levels above the maximum threshold for analysis (1,380 nmol/l). Results from the analyses of specific antibodies against infectious agents are summarized in Table 4 . No antibodies to Brucella spp. were detected in sera from Antarctic fur seals. Antibodies against Brucella spp. were detected in 7 of 19 Weddell seals (37%), 1 of 20 Ross seals (5%) and 1 of 9 crabeater seals (11%; Table 4 ). All Weddell seals were antibodypositive for PhHV-1, and results obtained from ELISA (titers 3,200-12,800) were correlated positively with results from SNT (titers 64-512; see supplementary materials and methods posted with electronic copy of this manuscript). In contrast, Ross seals had very low or zero titer in the SNT, although three animals were classified positive in the ELISA, with titers of 800, 6,400, and 12,800. For crabeater seals, four animals had high PhHV-1 ELISA antibody titers and also high titers in SNT, whereas the other five were negative by ELISA and also showed very low SNT titers. No specific antibodies were detected against T. gondii and Trichinella spp. For Trichinella spp., mean ELISA-percentage for all seals tested (n5116) was 20.5 (SD51.0). No antibodies were detected against morbilliviruses (Table 4) .
DISCUSSION
The equipment, reagents and protocols we used for serum chemistry analyses have been used for a range of seal species, including harp (Nordøy and Thoresen, 2002) and ringed seals (Tryland et al., 2006) , and walruses , and appear to provide reasonable results as long as the serum samples are of good quality (Thoresen et al., 1995; Morgan et al., 1998; Tryland et al., 2006 Tryland et al., , 2009 .
Serum glucose of Weddell, Ross, and crabeater seals in our study were much lower than for the Antarctic fur seals, and also lower than reported for adult Weddell seals (Yochem et al., 2009 ) and other pinnipeds (Nordøy and Thoresen 2002) . Total protein was slightly lower (median 70 g/l) for Weddell seals in our study compared to previously reported findings (80 g/l; Yochem et al., 2009 ). The elevated concentrations of total protein for Antarctic fur seal males compared to females (and pups) in this study are similar to sex differences reported for Weddell seals (Yochem et al., 2009) , and total protein concentrations are expected to increase from newborn animals to young adulthood, when adult concentrations of albumin and globulins are reached (Kaneko, 1997) .
The elevated enzyme activity of CK and LDH in Antarctic fur seals compared to Weddell, Ross, and crabeater seals might be due to species-specific differences, but the role of capture technique cannot be ruled out. The jab-stick (Antarctic fur seal males) might introduce more stress to the animals, as compared to the other seal species that were immobilized with a dart gun at a longer range. The CK activity might increase due to handling stress (Bossart et al., 2001) , and LDH activity is reported to rise with intramuscular injections, but which of the two injection methods used would have more impact on the muscular tissue is not obvious. The Antarctic fur seal males tend to fight and defend a territory in the colony, which is the reason for the scars and superficial skin wounds, and this behavior also might be reflected in the stress levels and possibly also in the activity of the enzymes CK and LDH.
The direct agglutination test has been used extensively for detection of antibodies against T. gondii in numerous animal species, including Arctic seal species (Prestrud et al., 2007; Oksanen et al., 2009) . Experimental infection of gray seals by T. gondii oocysts showed that a viable T. gondii infection could be established (Gajadhar et al., 2004) . Toxoplasma gondii infection or antibodies against the parasite have not been reported previously in any animal species from the Antarctic, and the fact that all seals were antibody-negative in this study suggests absence or a very low prevalence of T. gondii.
Our Trichinella-ELISA was adapted from other studies based on the extrasecretory antigen for detection of antiTrichinella antibodies in bears and domestic animals (Å sbakk et al., 2010) . Experimental infection of gray seals with Trichinella infection demonstrated high susceptibility (Kapel et al., 2003) , but prevalence and muscle larvae burden were very low in naturally infected seals from the Arctic (Madsen, 1961; Dau and Barret, 1981; Møller, 2007) . The fact that we could not detect antibodies against Trichinella spp. in these seal species is in agreement with the hypothesis that the parasite is absent from the Antarctic continent (Pozio and Murrell, 2006) .
We describe for the first time the presence of anti-Brucella antibodies in a Ross seal and a crabeater seal (Table 4) . However, the only diagnosis of certainty is the isolation of Brucella spp. To date, Brucella spp. have never been isolated from Antarctic seal species (Abalos et al., 2009; McFarlane, 2009; Lynch et al., 2011) . Therefore, the problem of addressing anti-Brucella antibodies in Antarctic seals might be of the same nature as documented for livestock, i.e., ''false positive serological reactions,'' induced by serologically cross-reactive bacteria (Godfroid et al., 2002; Riber and Jungersen, 2007 ) such as Yersinia enterocolitica O:9, which has not been described in marine mammals. A more extensive sampling of Antarctic seals focusing on bacteriology rather than serology is needed to determine which seal species might be infected with Brucella spp. or conversely to identify which bacteria causes false positive serological reactions.
The VN methodology, using standard Vero cells in microneutralization plate format (Habel, 1969) , has been used to test for morbillivirus-neutralizing antibodies in a number of seal species, including harp, ringed, and hooded seals from Canada (Duignan et al., 1997) .
Because the number of seals tested was low, it might be unwise to assume that distemper viruses are not present in Antarctic seal populations, because at least one circumstantial report suggested that distemper might have been introduced into crabeater seals via infected sled dogs, leading to a mass die-off of crabeater seals in the 1950s (Laws and Taylor, 1957) , and antibodies to CDV were reported from a sampling of Antarctic seals in the early 1990s (Bengtson et al., 1991) . Immunologically naïve seal populations in the Antarctic could be susceptible and vulnerable to the introduction of morbilliviruses, which could lead to large scale die-offs of seals similar to those reported in Europe in 1988 (Hä rkö nen et al., 2006 . Distemper virus can be introduced through natural transmission by infected seals from more northern waters coming in contact with susceptible Antarctic seal species, or through introduction of infected dogs. However, dogs were prohibited in the Antarctic regions in 1991 and were removed from the continent in 1994.
That all Weddell seals in our study were antibody-positive to PhHV-1, is in concurrence with previous studies (Harder et al., 1991; Stenvers et al., 1992) . Four of nine crabeater and three of 20 Ross seals in this study were classified as seropositive for PhHV-1 in the ELISA, with high titers. Antarctic fur seals are in the family Otariidae (eared seals), and antibodies detected in this species (this study) were reactive with the PhHV-1 ELISA antigen obtained from seals from the family Phocidae (true seals). We therefore conclude that there is serologic cross-reactivity between herpesviruses in these two seal families. To date, only PhHV-1 and PhHV-2, an Alphaherpesvirus and a Gammaherpesvirus, respectively, are recognized by the International Committee on Taxonomy of Viruses, but several other Gammaherpesviruses have been described in seals, namely PhHV-3 (Hawaiian monk aeal, Monachus schauinslandi; Goldstein et al., 2006) , PhHV-4 (northern elephant seal, Mirounga angustirostris), and otarine herpesvirus; OtHV-1 and OtHV-2 (California sea lion, Zalophus californianus; Maness et al., 2011) . Which species or strain of herpesvirus Antarctic fur seals have been exposed to is unknown.
Larger sample sizes and more systematic screenings for health parameters are needed to establish solid data on the exposure of seals to pathogens, including zoonotic agents that are brought to the Antarctic through anthropogenic activity. Screenings, such as those presented here, represent only snapshots of data in the lifetime of an animal, and a very small fraction of the population is being monitored. Uncontrolled harvesting of seals in the Southern Ocean during the late 18th and 19th centuries severely reduced populations of many Antarctic seal species, particularly land-breeding species such as fur seals and elephant seals. However, subsequent protection has allowed recovery of many populations (Bonner 1968; Wynen et al., 2000; Kovacs et al., 2011) . Increased population density, especially at reproduction and molting sites, might, however, also increase the chance of transmitting diseases among individuals.
Predictions of long-term effects of climate change for the Antarctic region suggest that sea ice could decrease by a third and that the temperature is expected to increase by 3 C (Turner et al., 2009 ). This might negatively impact all southern ice-associated pinniped species, but especially crabeater and Weddell seals, because reduction in sea ice also could increase predation rates and decrease availability of food (Siniff et al., 2008) . Such basic ecologic changes also would change the distribution of infectious agents and represent ecologic stress factors that can make exposed seals more prone to disease. Thus, climate change could have both direct and indirect effects on health and disease patterns of these Antarctic seal species.
Antarctic waters are increasingly exposed to human activity, and the possibility of introducing new pathogens to such remote and vulnerable ecosystems already is a serious threat. Seals are top predators and sentinel animals in these marine ecosystems, and our data contribute baseline information and reference points for future monitoring of these seal populations.
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